Abstract: Background: Accumulating evidence suggests that dietary factors are associated with Alzheimer's disease, cognition, and brain health in older adults. It is however unclear whether inflammation explains this association.
INTRODUCTION
Accumulating evidence suggests that diet may play an important role in the prevention of sporadic, late-onset form of Alzheimer's disease (AD) [1, 2] . Our previous work from the Washington Heights, Hamilton Heights, and Inwood Columbia Aging Project (WHICAP), a longitudinal populationbased cohort in Manhattan, indicated that adherence to a Mediterranean-type diet (MeDi) [3] or other healthy dietary patterns [4] was related with decreased risk for AD. Furthermore, we found that, among non-dementia old adults, *Address correspondence to this author at the 630 W. 168 th Street, P.O. Box #16, New York, NY 10032, USA; Tel: 212-305-6684; Fax: 212-342-1838; E-mail: yg2121@columbia.edu such diets were also associated with brain volumes and cognitive performances [5, 6] , two strong predictors for subsequent AD [7] . However, the underlying biological mechanisms for a potentially protective effect of these diets remain unclear.
Among all potential mechanisms, an inflammation pathway might be one of the important ones. Evidence on the biological effects of individual nutrients or foods suggests that many of them can modulate inflammatory responses [8] . Meanwhile, strong evidence suggests the involvement of systemic inflammation in AD or AD-related brain and cognitive decline [9] . Nevertheless, few studies have evaluated the inflammatory pathway for diet-AD association. We previously found that CRP did not explain the association be-tween MeDi and lower risk of AD [10] . While further examination of inflammation in MeDi-AD association is warranted, there might exist other aspects or combinations of foods that are more closely related with inflammatory biomarkers. Reduced-rank regression (RRR) model using inflammatory markers as response variables can facilitate the identification of dietary patterns that are designed to be most closely associated with inflammation [2, 4, 11] . To date, only one study used RRR with interleukin-6 (IL6) as the response variable and found an IL6-related dietary pattern predicted rate of decline in reasoning cognition [12] . Two other studies used dietary inflammatory scores, based on a priori defined inflammatory impact of individual dietary components, but the results were inconsistent [13, 14] . Moreover, despite the strong implications for brain MRI findings in preclinical AD [7] , no study has examined the role of inflammation in the relation between diet and brain measures.
In the current study, we examined whether an inflammation-related nutrient pattern (INP) was associated with brain and cognition measures among elderly participants of the community-based multi-ethnic WHICAP cohort. We further examined whether the relationship of this INP and cognition can be explained by brain measures.
MATERIALS AND METHODS

Study Participants
Participants of the WHICAP were identified from a probability sample of elderly Medicare beneficiaries (≥65 years) residing in northern Manhattan. Participants received comprehensive demographic, lifestyle, and medical assessments at baseline and were followed every 18 months [15] . The diagnosis of dementia and its subtypes, as well as mild cognitive impairment (MCI), were based on standard research criteria [16] , using all available information at a consensus conference. Among the 680 non-demented participants of the neuroimaging sub-study, which started in 2004 among ongoing WHICAP participants [17] , 508 (75%) and 435 (66%) subjects had CRP and IL6 measured, respectively, and 405 had both biomarkers measured. Additionally, IL6 level was out of detection limit for 68 subjects, and 7 subjects had no dietary information assessed. The final analytical sample included a total of 330 subjects who had both CRP and IL6 circulating levels available.
Standard Protocol Approvals, Registrations, and Patient Consents
The Columbia University Institutional Review Board reviewed and approved this project. All participants provided written informed consent.
Dietary Information
Information about average diet over the prior year was obtained using the 61-item version of Willett's semiquantitative food frequency questionnaire (Channing Laboratory, Cambridge, MA), administered by trained interviewers in English or Spanish. The validity (using two 7-day food records as the criterion) and reliability (using two SFFQs administered 2 months apart) of various components of the questionnaire were fair to good, with intraclass correlations generally above 0.3 [18] [19] [20] . We have also previous shown the dietary habits in general were stable among the study population over time [3, 4] . The daily intake of nutrients was computed by multiplying the consumption frequency of each food item by the nutrient content of the specified portion of the food item.
Biomarker Measurement
The non-fasting blood samples were processed as previously described [21] . Blood samples used for the biomarker measures were collected on (86%) or after (14%, on average 7.4 years after) the visit as the baseline dietary assessment. High sensitivity CRP plasma levels were measured using ELISA (Diagnostic systems laboratories, INC, Texas), with sensitivity, the intra-assay coefficient of variation (CV), and inter-assay CV of 1.6 ng/ml, 4.6%, and 11.7%, respectively. The serum IL-6 levels were measured in duplicate using high sensitivity quantitative sandwich enzyme immunoassay kit (R&D Systems, MN), with sensitivity, intra-and inter-assay CVs of 0.11 pg/ml, 7.4%, and 7.8%, respectively. Laboratory personnel were blinded as to all other information of the subjects. Circulating levels of inflammatory biomarkers were log-transformed.
MRI Protocol
MRI scans were acquired on a 1.5T Philips Intera scanner at Columbia University Medical Center. The MRI scans were performed on average 4.5 (SD=0.9) years after the blood samples were collected, and 5.3 (SD=2.7) years after the dietary assessment. Global brain measures including intra-cranial volume (ICV), total brain volume (TBV), total gray matter volume (TGMV), and total white matter volume (TWMV) were calculated from T1-weighted images using Freesurfer (V.5.1) (http://surfer.nmr.mgh.harvard.edu/) [5, 17] . To adjust for differences in head size across participants, regression models were run with ICV as the independent variable and each of the brain volumes as the outcome variable. The regression residuals were used in all the subsequent main analyses. We calculated mean cortical thickness across all regions of interests within each subject. White matter hyperintensity volumes (WMHV) were derived from standard T2-weighted FLAIR images using an intensity-driven algorithm to provide quantitative measurements of WMH volume [22] . WMHV was controlled for head size by taking the ratio and then normalized by log-transformation [log 10 (WMHV/ ICV)].
Cognitive Ability
Cognitive ability at the time of MRI scan visit was measured with a neuropsychological battery [15] which was administered either in English (70% of the subjects) or Spanish (30%). Based on an exploratory factor analysis using principal axis factoring and oblique rotation, selected neuropsychological tests scores were combined into four composite scores (memory, language, executive/speed, and visuospatial) [15] . For each of the cognitive measures, z-scores were calculated and then averaged to create a composite z-score for each of the four domains. These factor domain scores were subsequently averaged to produce a composite 'mean cognition' z-score. A higher z-score indicates better cognitive performance.
Covariates
To control for potential confounding effects from various factors, we considered continuous variables including age (years), education (years), and body mass index (BMI; kg/m 2 ). Ethnicity was based on self-report using the format of the 2000 US census, including African American (Black non-Hispanic), Hispanic, White (non-Hispanic) or Other, and was used as a dummy variable with 'non-Hispanic White or Other' as the reference. APOE-ε4 genotype (presence of either 1 or 2 vs. absence of ε4 alleles) and sex (female vs. male) were used as dichotomous variables. Stroke was self-reported or from neurological examination or medical records review. Presence or absence of heart disease, diabetes mellitus, and hypertension were based on self-report or use of medications. A composite vascular burden score was calculated by summing up all 4 dichotomous vascular comorbidities scores, ranging from 0-4.
Statistical Analyses
RRR determines linear combinations (i.e. nutrient pattern to be derived) of a set of predicting variables (nutrients) by maximizing the explained variation of a set of response variables (inflammatory biomarkers) [11] . In this study, RRR was performed using 24 predetermined nutrients ( Table 1) as predicting variables and two inflammatory biomarkers (CRP and IL6) as response variables. The selection of nutrients and biomarkers was based on previous reports of their associations with brain measures and cognitive health, as well as the inflammatory potential of the nutrients. Nutrient intakes were adjusted for caloric intake using the regression residual method, and their standardized residuals were used in the analysis. A higher nutrient pattern score indicates a stronger adherence of a subject's diet to the particular nutrient patterns (NP). According to the RRR method, the number of RRR-derived NP equals the number of response variables entered into the model [11] . Therefore, in total two NPs were derived.
Pearson correlation tests were run to examine the relationship between the nutrient patterns and inflammatory biomarkers. Demographic, clinical, cognitive, and brain morphological characteristics of participants by INP tertiles were compared using ANOVA for continuous variables and χ 2 test for categorical variables.
Generalized Linear Models were used to test whether the nutrient patterns were associated with brain and cognitive measures. The models were adjusted for age (model 1), additionally for sex, education, race/ethnicity, caloric intake, APOE genotype, and, for brain measures only, ICV (Model 2), and further adjusted for BMI and vascular factors (Model 3).
We performed a few sensitivity analyses. We excluded 82 subjects with MCI and repeated the analyses on brain measures among cognitively normal subjects only, in order to limit the possibility of reverse causation as well as dietary data recall biases. We examined whether the relationship between INP and brain or cognitive measures differ among different age (younger-old vs. old-old by median age), sex, APOE, BMI (median-split), or race/ethnic groups. To test the robustness of the RRR-derived nutrient patterns and their relationship with brain and cognitive measures, we derived a CRP-related NP (CRP-NP) and an IL6-related NP (IL6-NP) by entering CRP or IL6 each as the only response variable in two separate RRR models. We also ran a RRR model with both CRP and IL6 as response variables but with a wider selection of nutrients (32 nutrients in total) which additionally included fiber, zinc, copper, manganese, phospherous, potassim, magnesium, and sodium. We performed mediation analysis [6, 23] , adjusted for Model 3 covariates, to see whether the brain measures mediated the association between INP and cognitive ability. Specifically, the mediation model simultaneously estimates the total effect (c) of INP on visuospatial cognitive score, the direct effect of INP on visuospatial cognitive score (c'), the indirect effect of INP on visuospatial cognitive score through TGMV (estimated from the product of path a, INP on TGMV, and path b, TGMV on visuospatial cognitive score). A significant indirect effect (ab) indicates the existence of mediating effect of TGMV on the relationship of INP to visuospatial cognitive score.
All analyses were performed using PASW Statistics 17.0 (formerly SPSS Inc., Chicago, IL USA). All p-values were based on two-sided tests with the significance level set at 0.05.
RESULTS
Missing Data Analysis
Compared to participants who were not included in the current study (n=350) due to missing biomarker or diet information, participants included in the study (n=330) were younger (79.5 vs. 80.6 years, p=0.007) and had a higher percentage of Whites (36% vs. 25%) while lower percentages of African-Americans (32% vs. 38%) or Hispanics (33% vs. 38%) (p=0.001).
INP Derived from RRR
Two nutrient patterns were derived from the RRR model and they explained 9.26% of the total variation of CRP and IL6. The first nutrient pattern accounted for 82% of explained total variation of CRP and IL6, so in the subsequent analyses we focused on this first nutrient pattern which was renamed as INP. The derived INP was characterized by low intakes (effect loadings <-0.15) of calcium, vitamin D, vitamins E, A, B1, B2, B3, B5, B6, folate, Ω-3 PUFA, and high intake (effect loading >0.15) of cholesterol ( Table 1) . As designed by RRR, this INP was positively correlated with CRP and IL-6 (r=0.25 and 0.30, respectively, both p<0.0001), and the correlations did not seem to be confounded by age, sex, ethnicity, education, and BMI (partial correlation adjusted for these variables r=0.24 and 0.28, respectively, both p<0.0001).
Characteristics of Study Subjects by Tertiles of INP
Compared to those with the lowest tertile of INP, subjects with the highest tertile of INP score were older (p=0.04); had lower education (p=0.014); had larger percent- ages of African-Americans and Hispanics and lower percentage of Whites (p<0.0001); had lower language, speed, visuospatial, and mean cognitive scores; and had smaller ICVadjusted TBV, TGMV, TWMV, and large ICV-adjusted WMHV ( Table 2) .
Associations of the INP with Brain and Cognitive Measures
Each unit increase in INP was associated with 36.8 (p=0.023), 22.9 (p=0.005), and 22.8 (p=0.03) cm 3 smaller TBV, TGMV, and TWMV, respectively, and 0.21(p=0.038) lower visuospatial z-score (Model 3 in Table 3 ). For comparison, 10 year increase in age was associated with 22.1 cm 3 smaller TBV, 19.6 cm 3 TGMV, 23.3 cm 3 TWMV, and 0.20 lower visuospatial z-score (all p<0.001).
Sensitivity Analyses
The difference among the ethnic groups (i.e. p=0.037 for the interaction INP × African-Americans /Whites) was significant for visuospatial cognitive score. In general, the strength of the association between INP and visuospatial cognitive score was similar between Whites (b=-0. 22 Table e1 ). The IL6-NP was associated with both TGMV and visuospatial cognitive ability, CRP-NP and INP32 were associated with TMGV but not with visuospatial cognitive ability (Supplementary Table  e2 ).
Mediation analysis showed TGMV (b=0.002, p=0.003) was associated with visuospatial cognitive function, and there was a significant mediation effect by TGMV (indirect effect: -0.049, 95%CI:-0.1121 ~ -0.0131) for the association between INP on visuospatial cognitive score ( Supplementary  Fig. e1) . After taking into consideration the significant paths via TGMV, the effect of INP on visuospatial score was reduced to βc'= -0.16 (p=0.12).
DISCUSSION
In this study of a multiethnic elderly population, we found for the first time that an inflammatory-related nutrient pattern was associated with smaller brain volume, particularly the gray matter volume, as well as worse visuospatial performance. The magnitude of the effect of consuming a diet that yields a 1-unit higher INP score is comparable to that of 10 years of increasing age. Furthermore, accelerated grey matter neurodegeneration might be one mechanism for such a diet to be related with worse visuospatial function. This nutrient pattern is characterized by low intakes of calcium and vitamin D, antioxidants such as vitamins E and A, several B vitamins, and Ω-3 PUFA, and high intake of (25) 26 (24) 26 (24) 29 (26) cholesterol which was consistent with other inflammatory dietary patterns identified using RRR with inflammatory biomarkers as response variables [12, 24] . Numerous studies have shown that certain nutrients and foods are linked to chronic low-grade inflammation. In general, long-chain ω-3 PUFAs [25] , nuts [26] , whole grain [27] , vegetables and fruits rich in antioxidants and vitamins [28] , and MeDi [29, 30] are potent in suppressing inflammatory processes and reducing inflammatory mediators, while refined grain [31] , red meat [32] , and dairy [33] are positively related to inflammatory biomarkers. Therefore, the INP identified in our study is in line with these nutrients' inflammatory potentials. Abbreviations: intracranial volume (ICV); total brain volume (TBV); total gray matter volume (TGMV); total white matter volume (TWMV); white matter hyperintensity volume (WMHV) * All cognitive scores were z-scores; brain volumes were adjusted for intracranial volume using a regression model, and residuals were used in the analysis; for WMHV, the Log10(WMHV/ICV) was used. Model 1: adjusted for age. Model 2: adjusted for age, sex, education, ethnicity, caloric intake, APOE ε4. Model 3: adjusted for Model 2 covariates and additionally for vascular burden and BMI. All models additional adjusted for ICV for MRI outcome variables. Bold numbers indicate significant associations.
Meanwhile, peripheral inflammatory biomarkers including CRP and IL6 are associated with aging-related brain structural findings [21, [34] [35] [36] . A recent study found increased IL8 was associated with larger WMHV in patients with AD [37] . Increased serum levels of proinflammatory biomarkers are also consistently associated with cognitive decline [9] . For example, among non-demented subjects, increased serum levels of CRP, IL6, and many other proinflammatory cytokines or adhesive molecules were associated with cognitive deficits in cross-sectional studies [38] [39] [40] or higher risk for developing AD in longitudinal studies [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] .
Despite the strong evidence for the diet-inflammation at one hand, and inflammation-brain/cognitive ability at the other hand, very few studies have directly examined the mediation role of inflammation in the association between diet and brain measures or cognitive health. Some animal models [51] [52] [53] showed that dietary supplementation with PUFArich walnut, polyphenol-rich acai, or vitamin D may attenuate inflammatory signaling and improve cognition. However, the inflammatory pathway for the association between diet and brain or cognitive health has rarely been directly evaluated in human subjects except for a few studies [10, [12] [13] [14] . In our previous studies, we found that CRP did not seem to change the magnitude of the association between the healthy MeDi and incident AD [10] , and the total inflammatory impact of foods was not associated with AD risk [14] . In contrast, findings from the current study are consistent with two more recent large studies [12, 13] , which found diets with higher pro-inflammatory potential were associated with increased risk for AD [13] or faster decline in cognition [12] . In addition to the disparities in population characteristics, study design, and methods for defining inflammatory impact of diet, the difference in the findings might be due to a couple of other reasons. It is possible that CRP by itself may not be enough to explain the association between MeDi and AD risk. Indeed, in the current study, IL6-NP seems to have a stronger association with the cognitive health than CRP-NP. In the Whitehall II cohort study, the IL6-related dietary pattern was associated with accelerated decline in reasoning cognition [12] . IL6 also seems to be more strongly associated with neuroimaging findings than CRP [21, 36] . Secondly, inflammation may not be a key mechanism for MeDi, an a priori defined dietary pattern, to exert its beneficial role in preventing AD. In contrast, the RRR-derived INP was specifically designed to identify the elements in the diet that in combination can maximally capture the inflammatory profile. Therefore, the association between INP and the outcome measures can be best explained by the inherent inflammatory nature of this diet. Finally, we found that the TGMV explained a potential pathway for this INP to be related with visuospatial cognitive ability. Thus, it is possible that inflammatory processes may be more closely related to sensitive MRI measures as compared with clinical manifestations (cognitive deficits or AD diagnosis) downstream of the disease spectrum.
We found the association between INP and visuospatial cognitive score was similar between Whites and Hispanics, and so was the INP-TGMV association between Whites and Hispanics. In contrast, INP was not associated with either visuospatial cognitive score or TGMV among AfricanAmericans. As we controlled for many demographic, clinical, vascular factors in our analyses, we figure the results were unlikely to be due to the confounding effects of these measured factors among different ethnic groups. The lack of association between this INP and cognition or brain meas-ures in African-Americans is interesting and worth of future confirmation. We found the associations of INP with cognition in general became stronger after we limited the analyses to non-MCI subjects only, suggesting that a diet lower in inflammatory potential was associated with better cognition in the cognitively healthy older adults. Future longitudinal studies with larger sample size may help to elucidate whether a diet lower in inflammatory potential also contributes to slower decline in cognition in MCI patients.
Our study has some limitations. Although our study has the unique opportunity to simultaneously investigate the four key measures (diet, inflammation, brain MRI, and cognitive performance) that are necessary to answer our particular research question, the study population was thus limited to those with a complete set of such information. Therefore, the study population may not fully represent the source cohort population and may be prone to a potential selection bias. In addition, the selection of subjects with this complete set of variables also reduced the sample size, especially for interaction analyses and subgroup analyses, thus limiting our power for findings a relationship. Our study was a cross-sectional study and the temporal relationship cannot be completely established, neither can the longitudinal effect size be estimated. However, all these participants were dementia-free, or even without MCI in the sensitivity analysis, which minimizing the possibility that poor cognitive ability leads to an adoption of an inflammatory diet. Nevertheless, we could not completely rule out the possibility of reverse causality or confounding from early life cognitive ability, as childhood IQ might explain the relationship between dietary habits and cognitive performance in the adulthood [54] . Although CRP and IL6 were key proinflammatory biomarkers, a more comprehensive selection of inflammatory biomarkers may better capture the overall inflammatory profile of an individual [55] . Another limitation is that the nutrient patterns identified using RRR method are driven by the nutrients included in the model; therefore, the nutrient patterns may not be reproduced in other study populations, depending on whether other study populations have the same nutrients or not. Overall, the details and specificities of the findings, such as the contribution of each nutrient, the representative role of CRP and IL6 on inflammation, the nutrient pattern structure, all need to be confirmed in future studies. Nevertheless, the primary goal of the current study was to examine inflammation as a potential pathway for the relationship between dietary factors and brain or cognitive health, more than to identify a healthy or detrimental dietary pattern. Finally, although we adjusted for several key factors, we cannot completely rule out the possibility of residual confounding.
To our knowledge, this is the first study to examine the role of inflammation-related diet and neuroimaging markers, and to examine the mediation role of brain health in the relationship of this diet and cognitive abilities. Considering the increasingly diverse US population [17] , our study population has an advantage that it is composed of multiple ethnic groups. We controlled a wide range of potential confounders. The dementia and MCI diagnoses were made at consensus meeting according to standard research criteria, allowing us to perform the study among a dementia-free study sample as well as a sensitivity analysis in non-MCI healthy older adults. Our study is also novel in terms of nutrient pattern construction, by using RRR method which is a powerful tool to test dietary hypotheses based on etiology [2, 4] .
CONCLUSION
Aging is accompanied by systemic chronic low-grade inflammation such as increases levels of inflammatory mediators in the peripheral [56] as well as exaggerated neuroinflammation facilitated by microglia priming in the brain [57] , placing older adults at a higher risk of brain and cognitive decline. Our study suggests that, if the systemic environment is favorable, such as low systemic inflammation by following a healthy diet, individuals may have less ADrelated brain and cognitive deficits. 
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